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SUMMARY
A study of the rate of spontaneous deposition of mo-
lybdenum oxides on zinc in ammonia solutions was 
carried out. Effects of solution pH, disk rotational 
speed, molybdenum concentration and temperature 
were evaluated. The process was divided in two stag-
es. The rate of stage 2 was lower than the rate of stage 
1, this was attributed to the nature of the film formed 
on zinc surface. The unreacted core model indicates 
a mixed control, controlled by diffusion through the 
liquid film and chemical reaction, nevertheless, the 
results were inconsistent with the diffusion of MoO4-2 
because of the rate of the process increases with the 
decrease in the concentration of molybdate.
Keywords: Molybdenum; zinc; spontaneous; depo-
sition; oxide.
RESUMEN
Se ha llevado a cabo un estudio de la velocidad de de-
posición espontánea de los óxidos de molibdeno sobre 
zinc en soluciones de amoníaco. Se han evaluado los 
efectos del pH de la solución, de la velocidad rotacio-
nal del disco, de la concentración de molibdeno y de la 
temperatura. El proceso se ha dividido en dos etapas. 
La velocidad de la etapa 2 era menor que la velocidad 
de la etapa 1, lo que se atribuía a la naturaleza de la pe-
lícula formada en la superficie de zinc. El modelo del 
núcleo sin reaccionar indica un control mixto, con-
trolado por la difusión a través de la película líquida y 
la reacción química. Sin embargo, los resultados son 
incompatibles con la difusión del MoO4-2 debido a que 
la velocidad del proceso aumenta con el descenso de la 
concentración de molibdato.
Palabras clave: Molibdeno; zinc; espontáneo; depo-
sición; óxido.
RESUM
S’ha portat a terme un estudi de velocitat de deposi-
ció espontania dels oxids de molibdè sobre zinc en so-
lucions de l’amoníac. S’han evaluat els efectes del pH 
de la solució, els efectes de la velocitat rotacional del 
disc, de la concentració de molibdè i de la temperatu-
ra. El procés s’ha dividit en dues etapes. La velocitat 
de la etapa 2 era inferior a la velocitat de la etapa 1, i 
aixó s’atribuia a la naturalesa de la pel.lícula formada 
sobre la superficie de de zinc. El model del nucli sense 
reaccionar indica un control mixte, controlat per la 
difusió travessant la pel.licula liquida i per la reacció 
quimica. No obstant això, els resultats son incompati-
bles amb la difusió del MoO4-2 degut a que la velocitat 
del proces augmenta amb el descens de la concentra-
ció de molibdat.
Paraules clau: Molibdè; zinc; espontani; deposició; 
òxid.
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INTRODUCTION
Several publications have dealt with the spontane-
ous deposition of Mo compounds on Zn by molybdate 
conversion 1-5. Most of these researches are focussed 
on the anti-corrosion properties of the deposits in 
acidic media.
This work presents a kinetic study of spontaneous 
deposition of molybdenum on zinc in ammonia solu-
tions using a rotating disk system in order to obtain 
a better understanding of the process and the effect 
of experimental conditions such as pH, temperature, 
rotational speed of the disk and concentration of mo-
lybdenum on the kinetics, morphology and composi-
tion of the deposits.
MATERIALS AND METHODS
Tests were carried out using disks of Zn of 99.9% pu-
rity of 2.2 cm in diameter and 0.22 cm in thickness, 
attached to a Stuart Scientific SS3 stirrer. The stirrer 
allows the regulation of revolutions per minute be-
tween 0 and 2500. All areas, except work area, were 
covered with epoxy and Teflon.
Before the tests, the disks of Zn were polished with 
sandpaper N°400, 600 and 1200,  and washed with ac-
etone and deionized water.
A double-jacket glass cell connected to a Techne 
thermostatic bath was used. 
For each experiment a volume of 200 cm3 was used. 
The studied solutions were 0.63 mol L-1 MoO3 in 2.55 
mol L-1 NH4OH and 0.15 mol L-1 MoO3 in 2.55 mol L-1 
NH4OH, these solutions were deaerated by oxygen-
free nitrogen bubbling. Samples of 3 cm3 were taken 
every five minutes and their molybdenum content 
was analyzed.
The analysis for Mo was carried out by means of UV-
visible spectrophotometry using an Agilent 8453 unit. 
Scanning electron microscopes (SEM) JEOL 5410 and 
a LEO 1429VP were used to examine the obtained de-
posits. Their compositions were obtained by energy 
dispersive X-ray spectroscopy (EDS) attached to both 
SEM units. The studied conditions are presented in 
Table 1.
Table 1. Experimental parameters, kinetic study 1
No Mo T Ω pHinitial pHfinal
mol L-1 ºC rpm
1 0.15 25 250 10.6 10.4
2 0.15 25 1000 10.5 10.3
3 0.15 45 250 10.6 10.1
4 0.15 25 250 7.7 7.5
5 0.15 35 250 10.5 10.2
6 0.15 25 600 10.4 10.3
7 0.15 25 250 8.6 8.4
8 0.05 25 250 11.0 10.8
RESULTS AND DISCUSSION
The results of speciation made with Phreeqc 2.15.0 
indicate the predominance of molybdenum in solu-
tion as molybdate ion MoO4-4. Thus, the initial mo-
lybdate concentration was assumed to be equal to the 
dissolved Mo trioxide concentration.
The reduction reaction (1) proposes the molybdate 
ion reduction in cathodic areas.
4
( )[ ] ( ) ( )[ ] ( )Zn2x-yZn(OH)x2yOH2x-yZnx2y 2- +−↔+−
( )[ ] ( ) ( )[ ] ( )[ ] ( ) -2- e2x-yOHx2yZnOx2yOH2x-yZnx2y +−+−↔+−
( ) ( ) OHy/2OMe2x-yyHxMoO 2)2y-(4xx-24 +↔++ −+
The reduction reaction (1) proposes the molybdate ion reduction in cathodic areas.
(1)
And, the most probable oxidation reactions for zinc are the following two, (2) and (3):
(2)
(3)
Table 2 shows the composition of the deposits obtained by EDS.
Table 2. Composition of obtained deposits (total of measurements)
No Mo O Zn O/Mo
1 mole % 45.33 27.21 27.46 0.60
weight % 66.10 6.62 27.29
2 mole % 38.88 21.24 38.99 0.55
weight % 55.86 5.09 39.05
3 mole % 44.74 40.21 15.06 0.90
weight % 72.50 10.87 16.63
4 mole % 42.22 26.55 31.23 0.63
weight % 62.15 6.52 31.33
Experimental results indicate a process with a first order heterogeneous kinetics with 
two clear stages: a) the first, faster one, characterized by a rapid molybdenum removal from 
solution and, b) the second one, with a lower speed than stage 1.
           (1)
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Table 2 shows the composition of the deposits ob-
tained by EDS.
Table 2. Composition of obtained deposits (total of 
measurements)
No Mo O Zn O/Mo
1 mole % 45.33 27.21 27.46 0.60
weight % 66.10 6.62 27.29
2 mole % 38.88 21.24 38.99 0.55
weight % 55.86 5.09 39.05
3 mol  % 44.74 40.21 15.06 0.90
weight % 72.50 10.87 16.63
4 mole % 42.22 26.55 31.23 0.63
weight % 62.15 6.52 31.33
Experimental results indicate a process with a first 
order heterogeneous kinetics with two clear stages: a) 
the first, faster one, characterized by a rapid molyb-
denum removal from solution and, b) the second one, 
with a lower speed than stag  1.
Figures 1 to 4 shown with subscript “e” the experi-
mental results for different values of the solution pH, 
rotational speed, molybdenum concentration an  
temperature, the corrected results by the least squares 
method are presented with subscript “c”. Also, a pro-
cedure proposed by Choo et al.6 to correct molybde-
num concentrations by sampling was used. The data 
are presented as Xmolybdate versus time, where Xmolybdate 
is the conversion and it represents the fraction of mo-
lybdenum that comes out of solution to be deposited 
on zinc plate.
Effect of the solution pH: The conversion rate in 
stage 1 increases with decreasing solution pH, this is 
shown in Tables 1 and 2, and Fig. 1.
During stage 2, the variation of the conversion rate 
was negligible and the duration of the stage increased 
with decreasing pH.
The total removal of molybdenum from solution, in-
cluding both stages, was 16.1% at pH = 7.7, 15.6% at 
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pH = 8.6 and 14.0% at pH = 10.6. This variation may 
be associated with the increase in the corrosion of the 
Zn disk and, therefore, to an increase in the available 
surface area of zinc with lower pH values. An increase 
in H+ that would favor molybdate reduction according 
to reaction 1 could also be related.
Fig. 1. Mo conversion for different values of solution pH.
Effect of rotational speed of the disk: Fig 2 and Ta-
bles 1 and 2 show the increase of conversion rate for 
stage 1 by increasing rotational speed. It is still un-
clear the behavior of the stage 2. Taking into account 
both stages, the amount of removed molybdenum in-
creased along with the increase of rotational speed. 
The morphology of the deposits suggests that an in-
crease in the rotational speed causes a higher density 
of cracks, exposing a larger area. The larger available 
area would favor an increase in Mo removal rate. The 
abrupt decrease in the removal rate observed in the 
stage 2 could be related to the passivating features of 
the formed deposit.
Fig. 2. Mo conversion for different values of rotational 
speed.
Effect of molybdenum concentration: It can be seen 
from Fig. 3 the change in conversion rate with time for 
two different values of molybdenum concentration in 
solution. The conversion rate of stage 1 increased with 
decreasing Mo concentration, but also, the duration 
of the stage 1 decreased with decreasing Mo concen-
tration. 
Fig. 3. Mo conversion for different molybdenum concen-
trations. 
There are no differences in the conversion rate of 
stage 2, nevertheless, decreasing molybdenum con-
centration increased the duration of this stage.
Considering stages 1 and 2, a higher quantity of mo-
lybdenum was removed from 0.05 mol L-1 solution.
Effect of temperature: Fig. 4 shows the results of ex-
periments carried out at 25, 35 and 45ºC. In all cases, 
both stages exhibited different duration, but the results 
indicated that a higher mass of molybdenum was re-
moved from solution with increasing bath temperature.
Stage 1 showed an increase in conversion rate with 
increasing temperature. There were no changes in re-
moval rate during stage 2, however, the different du-
ration of this stage resulted in an increase in Mo mass 
removal with increasing temperature.
As already mentioned, increasing temperature 
causes a higher rate of Mo removal, but also it produc-
es an increase in the oxygen content of the deposit. 
The latter could be linked to the oxidation of the zinc 
surface and/or to the fact that the stoichiometry of 
the Mo oxides is highly dependent on experimental 
conditions.
Fig. 4. Mo conversion for different temperatures.
Summarizing, the quantity of removed molybde-
num in stage 1 increased with increasing disk rota-
tional speed, decreasing bath pH, increasing tempera-
ture and decreasing Mo concentration. On the other 
side, during stage 2, more molybdenum was removed 
with decreasing Mo concentration, with decreasing 
pH, with increasing temperature and with decreasing 
disk rotational speed. 
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In all experiments, the removal of molybdenum dur-
ing stage 1 was higher than during stage 2. The lower 
removal rate of molybdenum in stage 2 can be attrib-
uted to the surface blockage by the formation of a co-
herent, smooth, bright and impervious deposit and/or 
due to the passivation of the Zn surface. 
An unreacted core model was used in order to verify 
the control mechanism for stage 1. A geometry of a 
sheet was used. 
The data were adjusted to each kind of control: MoO4-
2 diffusion through the liquid film, MoO4-2 diffusion 
through the ash and MoO4-2 reaction with Zn. Regres-
sion coefficients for stage 1 can be seen in Table 3.
Table 3. Correlation coefficients (R2) for stage 1
Nº Film Ash Chemical
1 0.99 0.87 0.99
2 0.99 0.88 0.99
3 0.99 0.89 0.99
4 0.99 0.90 0.99
5 0.99 0.87 0.99
6 0.99 0.87 0.99
7 0.99 0.87 0.99
8 0.99 0.91 0.99
The values obtained for the rate constant of stage 1 
are presented in Table 4. The data can be adjusted to a 
straight line only for a diffusion controlled process or a 
reaction controlled process. Accordingly, stage 1 could 
be controlled by diffusion through the liquid film or by 
chemical (activation) control at the Zn surface.
The obtained results suggest a mixed control for 
stage 1, controlled by chemical reaction and diffu-
sion through the liquid film, but the increase of the 
process rate with decreasing MoO4-2 concentration 
indicates that diffusion of MoO4-2  could be not the 
limiting step in the process and is probably the proton 
diffusion towards the deposit surface. It is then neces-
sary to test the hypothesis of mixed control.
Table 4. Rate constant for each experiment. Stage 1
Nº Film Ash
1 4.10·10-5 2.14·10-3
2 7.76·10-5 4.04·10-3
3 8.71·10-5 4.41·10-3
4 6.05·10-5 3.17·10-3
5 6.16·10-5 3.19·10-3
6 5.23·10-5 2.73·10-3
7 4.99·10-5 2.61·10-3
8 6.48·10-5 3.38·10-3
CONCLUSIONS
The studied process corresponds to a spontaneous 
deposition of non-stoichiometric compounds of mo-
lybdenum oxides on metallic zinc in ammonia solu-
tions. 
Experimental results pointed to first order heteroge-
neous kinetics with two clear stages: a) the first, fast-
er one, characterized by rapid molybdenum removal 
from solution and, b) the second one, which was slow-
er probably due to the change in the mechanism of 
the process, the formation of a coherent, smooth and 
bright deposit and/or the passivation of the exposed 
zinc surface.
It is clear that by decreasing concentration of molyb-
denum trioxide in solution in the 0.05 – 0.15 mol L-1 
range the process rate increases, the same change is 
shown by increasing pH in the 7.7 – 10.6 range, with 
increasing rotation speed of the zinc disk between 250 
and 1000 rpm and with increasing temperature in the 
25 – 45ºC range.
The unreacted core model was used to fit the data. 
The model indicates a mixed control for stage 1.
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